The low temperature synthesis of iron silicate minerals with clay structures is possible at surface temperatures only under reducing conditions. Under oxidizing conditions clay minerals could not be synthesized. Instead quartz and quartzine were found in these X-ray amorphous Fe III hydroxide-silica precipitates after 14 days at low temperatures (20 ~ and 3~ as well as geothite or X-ray amorphous iron hydroxides. Only from solutions containing Fe-II could the different iron-containing clay minerals be built up within days at low temperatures. The presence of Fe-II enables an octahedral layer of the hrucite-gibbsite type to be formed. This is necessary for the bidimensional orientation of SiO4-tetrahedra leading to clay mineral formation. The presence of Fe ~ § and/or Mg2+-ions is necessary for the formation of the A13+-and Fea+-containing octahedral layers. The reducing conditions were obtained in the experiments by addition of dithionite. With a high content of silica (ca. 20 ppm SiO2, 7 ppm Fe) nontronite and lembergite, the di-Fe-III and tri-Fe-II octahedral, three-layer silicates, were built up in several days at low temperatures. With a lower silica content, that is, a lower Si/Fe ratio (15 ppm SiO2 and 20 ppm Fe), the two-layer silicate minerals greenalite and chamosite could be synthesized. A higher Mg content and more reducing conditions in the solutions favored the tri-as well as dioctahedral chamosite synthesis.
INTRODUCTION
The silica content of sedimentary iron ores is found in quartz and different iron-containing clay minerals. Chamosite, greenalite, cronstedtite, nontronite, glauconite, and thuringite are common minerals in sedimentary iron ores. In general all these minerals are extremely fine grained so that X-ray powder data are necessary for their identification and elucidation of their structures. Greenalite, cronstedtite, and chamosite are structurally characterized by a serpentine (kaolinite)-like structure in which one silica tetrahedral layer is bound with one octahedral layer in a 1:1 mineral. Nontronite, ferrisaponite, and lembergite are struc. turally characterized by a smectite or taiclike structure in which two silica tetrahedral layers are bound with one octahedral layer in a 2:1 mineral. Glauconite is a complicated iron-rich mica-clay mineral. Thuringite has a clay mineral structure in which, between the smectite (talc) layer, is an independent Fe-"brucite" layer. Fe-II and Fe-III are found in different amounts in these Fe clay minerals. Di-and trioctahedral types can be distinguished in the different clay types. Since substitution of AI-and probably also of Fe-ions takes place, in both the smaller Si-tetrahedron position and the large octahedral position the chemical composition can be very variable. For these minerals oxidation and dehydration reactions are, to some extent, reversible by the conversion of some outer (OH)--ions of the octahedral layer to (0) -2.
The synthesis of some iron-containing clay minerals at elevated temperatures has been discussed previously. EweU and Insley (1935) , Hamilton and Furtwfingler (1951) and others synthesized nontronite from mixtures of silica gel and ferric oxide at high temperatures and pressures. Iron-containing, chloritelike substances have been produced from montmorillonite (Orcel et al., 1949) by reaction with Fe(OH)2 solutions. Swelling chlorites have been synthesized from Na-silicates and iron salts (Caillbre et al., 1947) . In the last few years many clay minerals have been synthesized at low temperatures. Harder (1972) showed that from magnesiumcontaining aluminum hydroxide-silica precipitates, triand dioctahedral montmorillonite could be synthesized at temperatures <3~
With potassium in the solution illite also could be synthesized. The brucite-layer favors the formation of layer silicates of the smectite group. Since Fe(OH)2 is isomorphous with brucite, it was reasonable to try a synthesis of hydrous iron silicate with iron-containing solutions under reducing conditions. It was possible to synthesize di-and trioctahedral 2:1 clay minerals (smectite) and di-and trioctahedral 1:1 minerals with a kaolinitelike structure (Harder, 1973) . The question of iron clay mineral formation under surface conditions is in part a question of iron and silica precipitation from natural solutions.
Amorphous hydroxides of iron are capable of coprecipitating SiO2 by chemisorption from very dilute solutions (Harder, 1965; Flehmig, 1967 Figure 1 ) that even at low surface temperatures, precipitated iron phases after several months lose adsorption capacity, if they are brought into contact with silica solutions. Under neutral pH conditions aluminum-hydroxides do not lose their adsorption capacity even after many years of aging. The presence of silica in solution during the precipitation of iron-hydroxides inhibits the crystallization to geothite or magnetite, slowing down the process. The difference in the aging conditions of iron, manganese, and aluminumhydroxides is shown in Figure 1 .
TECHNIQUE OF SYNTHESIS The low temperature synthesis of clay minerals is possible through the aging of freshly prepared hydroxide-silica precipitates under different conditions. The experiments were carried out in the following way. From solutions containing Fe, Si, and in some cases A1, and Mg, the hydroxides were precipitated in different amounts. The ratio of the two oxidation states of iron change with Eh-pH conditions. Oxidation-reduction conditions are very important for the formation of iron minerals. The reducing conditions in the experiments were produced by different chemicals, and the resulting Eh was measured by a platinium electrode with a calomel reference electrode. 0.1% sodium dithionite solution produced an Eh of -0.6 V, pH 8.0; 0.1% hydraziniumdichloride an Eh of -0.25 V, pH 8.0; a nitrogen atmosphere was used to stabilize these reducing conditions during the handling of the solution. Experiments with other reducing agents were not successful in producing clay minerals. Perhaps the crystallinity of the products was too pure. Silicon was added as monomeric silicic acid, and iron was added as a solution from freshly prepared FeSO4. Iron was precipitated by change of hydrogen ion: concentration (higher pH) or by change of the Eh. The pH was then kept constant by several additions of NaOH. The variation of pH and Eh is quite large in these experiments, but has a great influence on the reaction and the formation of the dior trioctahedral iron-containing three-or two-layer minerals.
In the beginning all the hydroxide-silica-precipitates were X-ray amorphous, but after a short aging time, some of the precipitates showed X-ray reflections of clay minerals only. Others remained completely X-ray amorphous after the aging time. Many other precipitates showed sharper reflections from the hydroxides, oxides, quartz, feldspar, etc. with or without clay mineral reflections. The first X-ray reflections of clay minerals were detected after only 1 day of aging. The aging time with iron experiments was extremely short in relation to the A1-Mg-Si-experiments which needed several months for crystallization (Harder, 1972) . The fast crystallization was very favorable as it was quite difficult to maintain the pH and Eh at the starting values for a long time. The wet, filtered precipitate was washed with O2-free water and was dried after the aging time. The bluish-gray colors of some wet experimental products are not stable. A color change to black and gray and finally to brown takes place upon exposure to air. These products could be dried under a N2 atmosphere without changes in color.
If the Fe-III-silica precipitates, which had been formed in an oxidizing solution, were aged under reducing conditions, iron clay minerals were formed. In this way chamosite was synthesized from an oxidizing solution after being aged for 1-30 days under reducing conditions. This mechanism for chamosite synthesis is Flehmig (1967) most important for diagenetic formation of chamosite in sedimentary iron minerals from detrital iron compounds under natural conditions.
X-ray analysis
Because the synthesis products were so poorly crystallized, only powder diagrams with the Debye-Scherrer camera were obtained, using CoK~ radiation. The diffraction patterns showed more or less diffuse (Table  2) broad peaks. Nevertheless, the X-ray powder diffraction data of the synthesis products agree with those O f natural minerals.
The usual distinction between the clay minerals, based on the different basal reflections, was noted. The three-layer silicate minerals, nontronite, ferrisaponite, and lembergite are characterized by basal reflections between 14-16 ,~. These basal reflections, like all smecrite minerals, vary in their position, and are influenced by different factors, mostly the exchangeable cations. The two-layer silicates, greenalite, chamosite, etc. are characterized, like the kaolin-minerals, by a 7-/~ basal reflection. The distinction between kaolin-type (7 A_) and chlorite-type structures is based on the absence of presence of a 14-A_ reflection. The basal reflections of the synthetic products varied from 7-16 A,. After treatment with ethylene glycol at higher temperatures nontronite shifted to about 17 A_. The reflections at 4.1 A and 3.3 A were weak and usually broad bands in the synthetic products. The (060)-reflections were relatively sharp and strong and lay between 1.49 and 1.54 (see Table 2 ). The differences have been used to differentiate between di-and trioctahedral iron-containing clay minerals in the synthetic products. It has been shown from the position of the (060)-reflections that incorporation of Fe-III and A1 in the octahedral sheets leads to dioctahedral minerals. More Fe-II and Mg leads to trioctahedral compositions.
CHEMICAL ANALYSIS
Some of the precipitates were analyzed chemically for Fe and Si and for A1 and Mg when they were present. The determination of Fe and Si and, if necessary, of A1 and Mg in the precipitates was done after drying and then dissolving in HF and H~SO4, Iron was determined spectrophotometrically by the O-Phenanthrolin method, A1, after separating from Fe, with 8 oxichinolin in CHCI3, and Mg by atomic absorption-spectrometry. The SiC2 content of the chemical analyses given in the tables are calculated on a HzO-free basis.
The chemical composition of the different clay rain- eral-containing synthetic products is variable. It is not certain whether the material analyzed has a monomineralic composition or is a mixture of clay minerals and X-ray amorphous material. According to the X-ray resuits, uniform and sometimes different clay materials probably are present. The X-ray investigation agrees with the results relating to the chemical composition of the synthetic products. Synthetic products with 7-A basal reflection have a low silica content, while the SiO2-rich products have a basal reflection from 10 to 17
A.
EXPERIMENTAL RESULTS FOR IRON LAYER SHEET SILICATE FORMATION
After aging, some precipitates showed reflections characteristic of hydroxides and quartz, some were still X-ray amorphous, and others showed X-ray reflections characteristic of iron-silicate minerals with a clay mineral structure. The experimental conditions for the formation of certain iron-containing clay minerals are given in Tables 3 and 4 . The chemical composition of the X-ray amorphous precipitates are not given in the tables but the results of some of these investigations are discussed below.
The following conditions favor the formation of iron sheet silicate minerals:
(1) Only under reducing conditions could iron-containing clay minerals be synthesized in a short time at low temperatures. The silica-poor, two-layer Fe clay minerals of the greenalite and chamosite types, as well as the silica-rich three-layer Fe clay minerals of the nontronite type, need reducing conditions for their synthesis. Precipitates with only the dioctahedral Fe clay mineral reflections and a high content of iron-Ill have a dark green to black color. The trioctahedral Fe clay mineral precipitates are greener and the final Eh of the solutions giving these synthetic products are more negative than those of solutions producing dioctahedral minerals. The formation of the Fe-III layer silicate minerals is only possible if Fe-II is present in the solution during the formation of the three-layer silicate. If no dithionite or other reducing chemical was present during the experiments, or the Eh was not low enough, Feclay minerals were not built up. Iron-II or Mg in the solution stabilizes, as mixed layer, the formation of the octahedral layer built up mainly by Fe-III and fixes the silica on the octahedral layer.
(2) It seems that high pH favors a rapid Fe clay mineral formation. Di-and trioctahedral iron clay minerals were formed from solutions with pHs over 7, mostly between 8 and 9. Higher pH and more negative Eh values are more favorable for and lead to a better crystallization of the synthesis products in shorter times. Natural Fe clay mineral formation may take place over a wider range of Eh and pH than reported here, as the Eh and pH conditions in nature are maintained for longer time periods and make possible good crystallization. (3) It has been shown that magnesium in precipitates favors the synthesis of iron-containing, two-layer clay minerals. The pH affects the precipitation and coprecipitation of magnesium from solution (Harder, 1972) . The synthesis results have shown that chamosite mineral formation is favored by seawater solutions with a relatively high pH and a high Mg content.
(4) Formation of silicate minerals takes place at low temperatures (20 ~ and 3~ only in those precipitates that are in contact with monomeric silicic acid solutions. It seems that polymerization of the silicic acid inhibits the formation of clay minerals. If the SiO2 solutions are polymeric, the hydroxide silica precipitates stay amorphous. This is also true even when the composition of the precipitates is similar to those of the clay minerals. Under neutral conditions at 20~ the solubility of silica is 120 ppm SiO~. At higher pH (above 9) much more silica is soluble in monomeric form. However, it seems that much lower silica contents (10-20 ppm SiO2) give a better and quicker clay mineral formation. This silica content may represent the equilibrium solubility of the three-layer minerals formed by the Fe hydroxide-silica adsorption.
(5) The concentration of silica in these hydroxide silica precipitates should be similar to the stochiometric composition of the minerals if mineral formation is to take place. The SiOz content in precipitates depends on the composition and the ratio of hydroxide to Si of the initial solution and on the pH and the Eh during the precipitation. It is quite difficult to change the experimental conditions in such a way that the precipitates have the fight composition, particularly in solutions with low Fe and A1 concentrations (< I ppm). The silica content in the precipitates controlled the kind of clay mineral formed--a three-layer or a two-layer clay mineral. Too low SiO~ concentrations in the precipitates inhibited clay mineral formation. During the aging period, goethite, hematite, and quartz can be formed in these hydroxide-silica gels with a positive Eh (Harder and Flehmig, 1970) . If the silica content in the precipitate is between 35-80% SiO2 (water omitted from the calculation) nontronite mineral formation is possible at low temperatures. Nontronite forms in solutions with Fe:Si ratios between 1: l 0 and 1:3. When the Fe:Si ratio in the solutions is between 1:1 and 1:2 this gives a silica content in the precipitate between 25-35% SiO2 and greenalite and chamosite can be formed.
NATURAL IRON CLAY MINERAL FORMATION
The genesis of naturally occurring iron clay minerals can be discussed in the light of recent investigations of clay mineral synthesis. The formation of these iron clay minerals has been poorly understood because of the lack of sedimentary iron deposits and iron clay mineral formations in modern sediments. However, in the last few years both three-layer and two-layer Fe clay minerals have been found in recent sediments.
NONTRONITE GENESIS
The recent precipitation of nontronite in the hot (56~ brines in the Red Sea (Bischoff, 1972 , in Degens, 1972 and in Lake Malawi (M~ller and Frrstner, 1973) occurred when reducing conditions were present in the solutions. The measured pH in Lake Malawi was 8.5-7.7 and the pH of the hot brines was approximately 6 (or higher) and the Eh -0.100 V (Hartman, 1969) . It seems that the low temperature experimental conditions reported in this paper and the recent natural precipitation of nontronite have similar pH and Eh conditions. These investigations further show that an iron clay mineral formation by precipitation of hydroxides and adsorption of silica is possible.
Iron is present in the water as ions in true solution, and probably as a component of organic complexes and as finely divided colloidal and suspended material. The iron content of river waters varies over a wide range. Livingstone (1963) gave mean values of dissolved constituents as 0.67 ppm Fe, 0.3 ppm AI and 13.1 ppm SIO2. Much higher iron content (several ppm) can be found in some rivers or in hot springs or in COs-rich waters. Mixing of river or spring waters with ocean water removes iron as iron hydroxide flocs. These iron hydroxides adsorb SiO~ and some other elements from the seawater. The X-ray amorphous iron silica precipitates formed will be sedimented together with the colloidal and detrital iron component of the river load. These Xray amorphous Fe-III-A1-SiO2 precipitates, which mostly will have a high Si-content, are the parent material for clay mineral formation. The formation of ironcontaining three-layer silicates is only possible under reducing conditions. In nature these reducing conditions will be present in the sediment or may be present in the bottom water layer. The reaction of these X-ray amorphous SiOz-rich precipitates in this reducing environment will produce three-layer silicates in this early stage of diagenesis. Nontronite and iron-containing three-layer mineral formation is possible under reducing conditions in freshwater sediments as well as in saltwater sediments. The implications of these experiments are not only important for the formation of nontronite, but for the formation of Al-rich three-layer silicates as well. Similarly to Mg, Fe under reducing conditions can help to build up an Al-montmorillonite at low temperatures.
CHAMOSITE, GREENALITE GENESIS
The formation of both chamosite, which is the major clay mineral in iron ores of minette type, and of greenalite, which is a clay mineral from some Precambrian iron ores, is poorly understood and has been much discussed. It has been suggested that reducing conditions are necessary for formation of these clay minerals. This point is in agreement with the experimental results reported here. Borchert (1952) , and James (1954) considered that these facies reflect varying levels of oxygen availability in the seawater itself. On the other hand, Harder (1951 Harder ( , 1963 , Strakhov (1959a) and others have maintained that diagenetic processes in pore water are the most important controls on the formation of iron clay minerals. An important argument for the diagenetic formation of chamosite from Fe-III hydroxides is that benthonic fauna is found in chamosite iron or_es. Recently chamosite has been found in the marine environment (G~irtner and Schellmann, 1965) and in tropical shelves ' (Porrenga, 1%5). Rohrlich et al. (1969) found chamosite fecal pellets in recent sediments of Loch Etive, Scotland.
Since recent chamosite has been found, early diagenetic processes in pore water seem to be more important than the facies conditons in the seawater itself. The chemical composition of the chamosite.cannot result from the SiOz-and Fe-Al-content of a normal sea or river water. Nontronite could be formed from such SiO2-rich precipitates as mentioned before. The SiO~-poor two-layer minerals could be formed by diagenetic reaction in seawater sediments with iron-rich, but SiOzpoor, detrital particles from the lateritic weathering crust. In tropical deltas and shorelines these mixtures are quite common and recent diagenetic reactions which formed chamosite have taken place (G~irtner and Schdlmann, 1969) . The trace dement content (Harder, 1964) and low SiO2-content between 15-30% Si02 confirm the hypothesis proposed by Harder (1951) . Chamosite is also found in lateritic bauxites (Nikitina and Zvyagin, 1972) . The chemical compositions of these two types of chamosite are very similar. A low content of SiO2 and high content of Fe-II and Fe-III and also a relatively high content of A1 and Mg typify the chemical composition. All these points agree with the conditions of synthesis. A high Mg-content, a high pH, and strongly reducing conditions in the solutions favor the tri-as well as the dioctahedral chamosite synthesis. The trace element content and investigation of recent tropical shoreline sediments confirm that chamosite minerals have been formed diagenetically from lateritic particles in the reducing sediments.
CONCLUSION
The synthesis of iron clay minerals is possible at low temperatures in a short time. Low silica concentration in solution is the most important condition for low temperature synthesis. High silica concentration in solution inhibits the formation of clay minerals. The synthesis-from natural waters with a low silica content--is possible through the chemosorption of silica by hydroxides. By aging of these X-ray amorphous hydroxide-silica precipitates, silicate minerals can be synthesized at low temperatures under certain conditions. For the synthesis of iron-containing clay minerals, reducing conditions are necessary. Only under reducing conditions could the tri-as well as the dioctahedral three-or two-layer Fe clay minerals be synthesized. Oxidized Fe3 § do not crystallize to clay minerals. Fe 2 § as well as Mg 2+ are suitable for building up a brucitelike layer. The octahedral layers are necessary for bidimensional orientation of the SiO4 tetrahedrons for clay mineral formation.
